The Kokobera virus group comprises mosquito-borne flaviviruses that cluster together phylogenetically. These viruses are unique to Australia and Papua New Guinea, and have been associated with a mild polyarticular disease in humans. Recent isolation of genetically diverse viruses within this group has prompted analysis of their genetic and phenotypic relationships. Phylogenetic analysis based on complete ORF, the envelope gene or the NS5/39 untranslated region supported the separation of the group into distinct species: Kokobera virus (KOKV), Stratford virus, New Mapoon virus, MK7979 and TS5273. Virulence studies in 3-week-old mice also provided the first evidence that a member of the KOKV group (MK7979) was neuroinvasive after intraperitoneal inoculation. In this context, our recent detection of KOKV group-specific antibodies in horses in the field suggests that these viruses should be considered in the epidemiology of flavivirus encephalitis in Australia.
New flaviviruses are regularly discovered in the remote reaches of tropical and subtropical regions of the world. One such virus, New Mapoon virus (NMV), was isolated in 1998 from Culex annulirostris mosquitoes collected from the New Mapoon community on the tip of Cape York Peninsula, Queensland, Australia (Nisbet et al., 2005; Van Den Hurk et al., 2001) . Partial sequence analysis and mAbbinding assays showed that this isolate was closely related to, but distinct from Kokobera virus (KOKV), which was first isolated in 1960 from C. annulirostris at Kowanyama (formerly Mitchell River Mission), approximately 530 km from the New Mapoon community (Doherty et al., 1963; Nisbet et al., 2005) . Together with Stratford virus (STRV), first isolated from Aedes vigilax in Cairns, in North Queensland, Australia, in 1961 (Doherty et al., 1963) , these viruses comprise the Kokobera group, a distinct subgroup of the genus Flavivirus (Thiel et al., 2005) .
The flaviviruses are a large group of mostly arthropodborne, positive-strand RNA viruses found throughout the world. The genome is approximately 11 kb and codes for a single polyprotein flanked by 59 and 39 untranslated regions (UTRs). The polyprotein is co-and post-translationally processed into ten proteins; three structural [core (C), premembrane (prM) and envelope (E)] and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). Human and animal pathogens of global importance are found within the genus Flavivirus, including yellow fever virus, West Nile virus, Japanese encephalitis virus and dengue virus.
The viruses in the KOKV group are found only in Australia and Papua New Guinea (PNG). Acute polyarticular disease in humans has been attributed to KOKV (Boughton et Mein et al., 1998) , and antibodies are common in people from Far North Queensland (Doherty et al., 1964; Hanna et al., 1999) and New South Wales (Hawkes et al., 1985 (Hawkes et al., , 1993 . KOKV has been isolated from mosquitoes in Northern Queensland and the Torres Strait (Doherty et al., 1979; Hanna et al., 1999; Johansen et al., 2003 Johansen et al., , 2004 , the Northern Territory (Standfast et al., 1984) , Western Australia (Liehne et al., 1981; Poidinger et al., 2000; Van Den Hurk et al., 2001) , New South Wales (Poidinger et al., 2000) and Papua New Guinea (Poidinger et al., 2000) , and KOKV-specific neutralizing antibodies have been detected in serum from kangaroos and horses in central Queensland (Doherty et al., 1964) .
Genetic studies of KOKV have shown a distinct clustering of isolates from the same geographical location (Poidinger et al., 2000) . In most cases, these studies have been limited to isolates from the same year, and therefore the clustering may be the result of genetic similarity due to isolation from the same outbreak. Early antigenic analyses placed KOKV and STRV in the Japanese encephalitis virus (JEV) serogroup (Calisher et al., 1989; De Madrid & Porterfield, 1974) , but partial sequencing of the genome of these viruses resulted in their classification into a separate virus group (Kuno et al., 1998) . Indeed, these viruses were shown to be phylogenetically closer to the Aroa group of viruses than to the JEV group (Cook & Holmes, 2006; Gaunt et al., 2001; Grard et al., 2010; Hall et al., 1991; Kuno et al., 1998; Poidinger et al., 1996) .
There has been little data published to date about the other isolates in this group. The only virus from PNG, MK7979, was isolated from a pool of Aedes sp. mosquitoes in Sepik, in 1966 (Poidinger et al., 1996) . STRV has been isolated from mosquitoes in Queensland, New South Wales and Western Australia (Poidinger et al., 2000; C. Johansen, personal communication) . A single isolate of a more genetically divergent isolate, TS5273, currently considered a strain of STRV, was isolated from Saibai Island in the Torres Strait (Nisbet et al., 2005; Poidinger et al., 2000) . NMV is also represented by a single isolate, obtained from mosquitoes in New Mapoon, North Queensland, in 1998 (Nisbet et al., 2005) . MK7979, STRV, TS5273 and NMV exhibit different antigenic profiles from KOKV, as determined by mAb binding patterns (Hall et al., 1991; Nisbet et al., 2005) . Nucleotide sequencing of a region of the NS5 gene of these viruses also indicated they were genetically distinct (Nisbet et al., 2005) . This study aimed to clarify the genetic relationships between the viruses in the KOKV group, and further define phenotypic differences of the group, including neurovirulence and neuroinvasion in weanling mice.
Previous phylogenetic studies of members of the KOKV group have focused on partial sequences of the NS5/39 UTR region. Although there are many available flavivirus sequences in this region, there is insufficient phylogenetic signal to obtain a reliable phylogeny (Cook & Holmes, 2006) . Complete ORF or whole gene (E, NS3 or NS5) analyses provide sufficient phylogenetic signals, producing a more reliable phylogeny; however, few ORF or whole gene sequences are available for viruses in the KOKV group. Here we included three analyses: a complete ORF phylogeny for NMV and KOKV, an NS5/39 UTR phylogeny for all members of the group and an E phylogeny for representatives of all major groups identified in the NS5/39 UTR tree. To this end, we Sanger sequenced the complete genome of NMV (GenBank accession number KC788512; primer sequences and PCR conditions available from the authors) and the E genes of STRV, TS5273, MK7979 and a recent isolate of KOKV, SW36179 (GenBank accession numbers KC788513, KC788516 and KC788514, respectively). In addition, this is the first phylogenetic study to include the complete genome of KOKV, which is available in GenBank with accession number NC_009029 .
Virus sequences were aligned using the AlignX component of the Vector NTI suite (Invitrogen), and were inspected and hand edited, and nucleotide and amino acid similarities were calculated using BioEdit (Hall, 1999) . Phylogenetic trees were constructed using components of the PHYLIP group of programs (Felsenstein, 1989) and PhyML (Guindon & Gascuel, 2003) . Specific parameters are available from the authors on request. The KOKV group share a common ancestor with the Aroa virus group in the maximum-likelihood (Fig. 1a) and neighbourjoining tree (data not shown), and this ancestor shares a common ancestor with the JEV and Ntaya virus (NTAV) groups. However, the position of the KOKV group within the mosquito-borne flaviviruses is not well defined, as evidenced by the low bootstrap value (39.7 %) for the divergence of this group.
Previous studies (Cook & Holmes, 2006; Kuno et al., 2009) have advocated comparison of ORF length and conserved sequences (CSs) in the 39 UTR of flaviviruses to complement phylogenetic analysis in the determination of taxonomy of flaviviruses, especially in situations where taxonomy is not resolved by phylogeny alone. The ORF of NMV was 1 aa shorter (3409 aa) than the published ORF of KOKV (3410 aa; Kuno et al., 2009) . All proteins were of identical length with the exception of NS1 (NMV has 350 aa; KOKV has 351 aa), NS2A (NMV has 225 aa; KOKV has 224 aa) and NS4B (NMV has 249 aa; KOKV has 250 aa). Similarly, the 39 UTR of both viruses had the same CS, although we observed that the 39 UTR of both viruses contained CS3 (Fig. S1 , available in JGV Online), in addition to the expected repeat CS2 (RCS2), CS2 and CS1 as previously reported (Gritsun & Gould, 2006; Kuno et al., 2009 ). RCS3 was not present in the 39 UTR of KOKV and NMV. Kuno et al. (2009) suggested that the evolutionary distance of mosquito-borne flaviviruses from the common ancestor corresponds with an increase in ORF length and complexity of the 39 UTR conserved sequences. The ORF length and complexity of the conserved sequences in the 39 UTR of KOKV and NMV were intermediate between the dengue viruses and other mosquito-borne flaviviruses, supporting the branching order observed in Fig. 1(a) . To analyse the entire KOKV group, we used the available NS5/39 UTR sequences of 25 KOKV isolates (including a divergent isolate from PNG, MK7979), three STRV isolates and the unclassified virus, TS5273, along with our sequence of NMV to determine the relationships between all viruses in this group. No previous phylogenetic study has included all KOKV group virus sequences. By including all viruses in the KOKV group, we were able to better resolve strain and virus definitions. As the phylogenetic relationship of the KOKV isolates has been previously shown, for clarity, the branches of these isolates have been collapsed into geographical/temporal groups ( Fig. 1b; shown in full in Fig.  S2 ). NMV was the most divergent of all isolates in this group with 100 % bootstrap support, while STRV, KOKV and TS5273 showed a closer relationship. The major nodes did not have high bootstrap supports, with only 50.7 % of trees supporting divergence of KOKV from the STRV/ TS5273 group, although the divergence of TS5273 from STRV The Kokobera virus complex of flaviviruses showed a higher level of support (82.6 %). Interestingly, the sequence of STRV showed little genetic change over time, with the three sequenced isolates sharing over 97 % nucleotide identity despite being isolated over a period of 34 years and up to 2000 km apart. Phylogenetic analyses of the E genes of select isolates showed identical branching as observed in the NS5/39UTR tree (Fig. S3) .
The current report of the ICTV classifies only one virus in the KOKV group, KOKV, with STRV being classified a subtype of KOKV (Thiel et al., 2005) . The phylogenetic analysis we have presented here suggests that this needs to be reassessed. Previous studies have suggested that a cut-off for species designation of flaviviruses of 84 % nucleotide identity was adequate (Kuno et al., 1998; Nisbet et al., 2005) , but this may not be applicable to all flaviviruses, as different viruses evolve at different rates. This has previously been shown with flaviviruses in the JEV group (May et al., 2008) . Thus, species cut-off values should be determined for each group individually. To determine the cut-off values for the KOKV group, we compared the pairwise nucleotide identity of all viruses sequenced over the NS5/39 UTR region in the KOKV group and constructed a scatter plot (Fig. 2) . Based on the data in the scatter plot, we propose a species level cut-off between 85 and 90 % nucleotide identity for viruses in the KOKV group. Under these criteria, STRV, TS5273, NMV and MK7979 are classified as separate species, bringing the number of species in the KOKV group to five. This reclassification is supported by the previously published antigenic variation between these isolates (Nisbet et al., 2005) . Isolation and sequencing of additional strains of all these viruses will allow further definition of these groups. There are currently too few isolates and inadequate information on the ecology of these viruses to speculate on the mechanisms of evolution of such distinct viruses in a single geographical location.
To date, no data exist on the virulence of the viruses in the KOKV group, apart from reports of polyarticular disease in man attributed to KOKV (Boughton et al., 1986; Mein et al., 1998) . To determine the virulence of these viruses in a mouse model, we infected 3-week-old Swiss mice with representative viruses of this group by the intracranial or intraperitoneal route. Mice were monitored daily for signs of encephalitis, according to guidelines from the University of Queensland animal ethics committee. Only the prototype PNG isolate MK7979 was neuroinvasive in mice, with an LD 50 of 0.14 infectious particles and an average survival time (AST) of 9 days (Table 1) . In contrast, NMV, STRV, TS5273 and all isolates of KOKV including the prototype MRM32 produced no disease in mice by this route. Virus was detected in the sera of all mice infected by the intraperitoneal route at both day 1 and day 3 (data not shown), suggesting that peripheral replication was occurring; however, little or no virus was detected in the organs of these animals (data not shown). When these viruses were inoculated directly into the brain by the intracranial route with a dose of 103 infectious units, with the exception of NMV they produced 100% mortality by day 6 post-infection, indicating they are significantly neurovirulent in this mouse model. That NMV was not virulent by either route of infection suggests this virus is unable to replicate sufficiently in the brain to produce disease symptoms. The data above suggest that some members of this group may also have the potential to produce neurological disease in their vertebrate host and that emergence of more virulent strains should be considered.
A previous serological screening of 13 horses from South East Queensland prior to a West Nile virus vaccine trial at the University of Queensland revealed that six horses had antibodies reactive to flavivivirus E protein in Western blots. Microneutralization tests (Hall et al., 1995) performed on these sera identified the infecting viruses as members of the KOKV group, with five animals testing positive (neutralization titres between 10 and 40) to at least one of the viruses in the KOKV group and unreactive with other flaviviruses known to occur in Australia (Table S1 ). This is consistent with previous studies that demonstrated KOKV-specific antibodies in horses in central Queensland during the 1950s (Doherty et al., 1964) . Further studies are needed to determine whether the horses are involved in amplification and/or transmission of these viruses and whether neuroinvasive strains of KOKV are associated with equine disease.
Our genetic characterization of the KOKV group provides support for the separation of this group into five distinct viruses, KOKV, STRV, NMV, MK7979 and TS5273. This is consistent with our previous data from mAb binding studies and cross-neutralization assays using reference polyclonal antisera that showed these viruses are also antigenically divergent (Nisbet et al., 2005) . Furthermore, the neuroinvasive phenotype observed for the MK7979 KOKV strain in this study and our detection of KOKV group-specific antibodies in horses in the field further suggest that these viruses should be considered in the epidemiology of flavivirus encephalitis in Australia.
